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Attention!  Commandlnr  Officer 

Dear  Sir! 

Attached  is  the  report  on  the  results  of  the  demon- 
strptlci  and  util  iraO^tnot*  the  caustic  process  for 
removlnic  excess  carbon  dioxide  from  submarine  atmospheres 
as  carried  out  on  the  submarine  Haddock  as  a part  of 
Operation  Hideout.  Operation  Hideout  was  carried  out  to 
determine  the  maxLmum  carbon  dioxide  concentration  that 
porscnnol  could  withstand  over  long  per tods  of  time. 

0\-eration  Hideout  was  begun  early  in  1953  after 
several  months  of  preparation  and  required  a means  to 
remove  excess  carbon  dioxide  in  order  to  maintain  its 
content  in  the  atmosphere  at  the  desired  value.  The 
caustl*.  process  served  this  purpose  excellently  and, 
in  addition,  removed  smoke  and  odors  to  a remarkable 
degree  according  to  submarine  and  medical  officers  who 
T;ero  ftimlllar  with  submarine  conditions. 

Tb.e  attached  report  covers  the  data  and  information 
obtained  on  the  caustic  unit  which  was  operated  during 
Operation  Hideout. 
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ABSTRACT 


i 


Operation  Hiiaout  took  place  from  Jamiary  19,  1953  through  March  19, 
1953 • Thie  operation,  organized  to  atudy  extensively  the  prolonged  ex- 
posure of  personnel  to  high  concentrations  of  carbon  dioxide,  utilized 
the  caustic  scrubber  for  the  removal  of  excess  carbon  dioxide.  This 
scrubber,  developed  by  Horthwestern  Technological  Institute,  was  in 
op>eration  during  the  "closed  up"  portion  of  tiie  o[jQration,  between  Janu- 
ary 27,  1953  and  March  10,  1953.  Since  the  carbon  dioxide  content  of  the 
air  in  this  operation  was  riigher  thaii  the  design  basis  of  the  scrubber 
(1.5$  coapared  to  1$)  and  the  personnel  was  less  than  a regiilar  suh«arlne 
crew,  the  scrubber  was  operated  Intemittently. 

The  installation  was  a success  in  that  the  desired  carbon  dioxide 
content  of  the  air  waj.  nnintainod  at  the  desired  1,5$  value. 

The  scinibher  operation  was  as  expected.  It  removed  carbon  dioxide 
at  an  average  rate  ^f  9,77  pounds  per  hour  at  an  average  caustic  utiliza- 
tion of  9C,3$«  The  rei.oval  rate  and  caustic  utilization  was  expected  to 
be  higher  than  the  values  obtained  ♦'or  1*  carbon  dioxide  in  air.  This 
increase  in  caustic  utilization  at  tuese  conditions  would  permit  a 
greater  than  12$  decrease  in  the  re^uirou  caustic  storage.  The  absence 
of  odors  and  cigarette  smoke  In  the  submarine  was  commented  on  by  Navy 
personnel  familiar  with  suhoarine  operation,  and  this  coiiditlon  can  be 
attributed  to  the  scrubber. 
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CAUSTIC  PROCESS 
CARBON  DIOXIDE  RE:!0VAL  SYSTEM 
OPERATION  HIDEOUT 


Raported  by 
B.  J.  Sollaoi 
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- cHBiincAt.  giiwwieiwtiig 


INTRODUCTION 


Operation  Hideout  waa  Initiated  to  bring  closer  to  reallza- 
tlon  exact  knowledge  of  the  carbon  dioxide  concentrations  which 
personnel  might  be  able  to  withstand  when  exposed  to  it  for 
extended  periods*  This  Information  Is  necessary  in  order  to 
design  accurately  equipment  to  control  the  carbon  dioxide  concen- 
tration of  the  atmosphere  of  a submarine* 

The  era  of  the  perfect  submarine  Is  fast  approaching*  Up  to 
the  present  time  a limiting  factor  In  submarine  submergence  was 
the  power  availability  within  the  submarine  when  completely  sub- 
merged* Submarines  are  electi^ically  powered  and  when  submerged 
obtain  their  power  supply  from  storage  batteries  which  require 
frequent  recharging  for  which  the  submarine  must  surface*  Since 
the  submergence  time  was  limited  by  power,  the  limitations  on 
length  of  submergence  by  personnel  was  often  not  critical*  The 
development  of  power  sources,  particularly  nuclear,  has  reached 
a stage  where  the  power  source  on  the  submarine  will  no  longer  be 
a limiting  factor  for  governing  the  submergence  time*  With  this 
recent  development  in  atomic  research,  the  atomic-power  submarine 
will  have  a continuous  supply  of  energy  for  operation  and  there- 
fore It  will  be  capable  of  staying  submerged  for  long  periods* 
This  development  has  progressed  to  where  two  nuclear  powered 
boats*  Nautilus  axid  Sea  Wolf,  are  under  construction* 

With  the  realization  of  a perfect  submarine  the  human 
factor  bee<»iies  critical*  What  are  the  maximum  concentrations 
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of  various  constituents  In  air  that  hiunans  can  stand?  Carbon 
dioxide  is  one  of  the  principle  constituents  that  must  be 
stiTdJftd  to  determine  the  concentration  that  personnel  can 
withstand*  Since  personnel  generate  carbon  dioxide* the 
Concentration  can  quickly  build  up  to  a point  where  the 
personnel  are  adversely  affected*  ’^irure  1 shows  the  time 
required  for  the  concentration  of  carbon  dioxide  to  reach 
a given  value  in  an  isolated  space*  Parameters  are  shown 
for  various  values  of  free  volume  available  per  person*  In 
Operation  Hideout  the  free  volume  per  person  was  approximately 
1000  cubic  feet*  This  plot  is  based  upon  the  carbon  dioxide 
generated  by  a person  exhibiting  moderate  movement*  sitting* 
or  movement  of  arms  and  head  as  in  desk  activity  v.lth  only 
occasional  walking!^ ^ A alee  Tint;  person  would  generate  car» 
bon  dioxide  at  a much  lov/er  rate  so  that  the  dally  average 
generation  rate  (night  and  day)  Is  slightly  lower. 

The  normal  concentration  of  carbon  dioxide  In  the 
atmosphere  Is  0*03^.  While  it  is  possible  to  maintain  the 
atmosphere  In  any  closed  space  at  this  low  carbon  dioxide 
concentration  the  equipment  renuired  to  perform  the  taak 
would  or  could  be  tremendous*  Such  would  be  the  case  in 
a submarine  containing  6o  to  100  men  or  more* 

The  equipment  required  to  remove  excess  carbon  dioxide 
increases  in  size  as  the  tolerable  concentration  limit  is 
decreased*  It  is  therefore  desirable  to  maintain  this 
upper  carbon  dioxide  concentration  as  high  as  possibls* 

Ths  upper  oonoentratlon  limitations  have  bean  studied  by 
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Time- Hours 
FIGURE  I 

CO2  Buildup  In  Air  In  Isolated  Space 


i Hied  leal  personnel  for  some  tine  and -indications  that  the 

i 

j upper  limit  was  1.5/o  were  now  beinr  verified.  Operation 

i 

I Hideout  was  then  dosi/'nod  to  vo:-lfy  on  a compi’ehonslve  scale 

I this  maximum  carbon  dloxido  concentration. 

i 

I In  order  to  obtain  the  value  of  this  na::imum  carbon 

! d’ oxide  concentration,  vv.ilch  ccul^  tj.cn  bo  used  for  des.V'n 
I purposes  on  carbon  dioxide  no  .oval  eq't.ipment  on  future 

I submarines,  arran-'emonts  v.ore  m.arle  for  the  ?!edical  Research 

i 

j Laboratory’'  to  carry  out  t;ie  reee.ssary  tost. 

Operation  hideout  was  taus  instituted  by  the  Ved.’ce.l 
Research  Laboratory  at  the  0.  S.  iiaval  S’;bnarLno  fase  at 
Nov;  London,  Connecticut.  Tnis  work  '.'/as  very  success'’nlly 
or^'anlzed  and  carried  out  under  the  command  of  Comanier 
Oorald  J.  IXif frier,  MC,  URN,  cfflecr  in  chorne  of  the 
Medical  Research  Lnboi’utory.  'fnc  froject  o.''ficer  for  the 
test  was  Lt.  Pierce  ?.  Nevaaan,  ’.'C,  USf,  w/iose  tireless 
I efforts  v/ore  responsible  for  t ic  success  of  tho  test.  Lt# 

Newman  prepared  and  coordinated  tho  details,  set  the  ex- 
periment in  operation  and  supervised  its  execution.  Lt. 

Newman  was  very  ably  assisted  by  Chief  Torpedoman's  'late 

i 

James  D.  Evans,  USN,  as  well  as  havlnq  the  complete  cooper- 
ation of  the  volunteers,  working  details,  and  all  the  other 
I medical  officers  and  men  who  wore  involved  with  Ororatlon 

I 

I Hideout. 

j The  test  Itself  required  that  tho  carbon  dioxide  con- 

I 

I centration  be  kept  from  bulldlnr;  up  above  l.^jtO.lf^.  The 
caustic  unit  was  capable  of  dolnff  this.  The  unit  was 
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! available  and  could  be  Installed  quickly  and  adapted  easily 
I although  it  had  not  been  engineered  for  actual  installation  in 
a submarine.  Lt.  Commander  P.  M.  Fellows  of  the  Office  of  Naval 
Research  arranged  for  the  use  of  the  caustic  unit  for  this  teat. 

Upon  the  completion  of  the  arrangements  to  use  the  caustic 
unit  for  the  removal  of  carbon  dioxide,  a conference  at  the 
United  States  Naval  Submarine  Base  at  New  London  between  the 
Medical  Research  Laboratory  and  Northwestern  Technological  Institute 
was  arranged  to  work  out  the  details  of  the  scrubber  installation. 
This  conference  in  November,  1952,  was  arranged  for  the  purpose 
of  determining  the  availability  of  equipment,  materials,  and 
supplies  required  in  the  Installation  of  the  carbon  dioxide 
removal  apparatus.  The  means  for  obtaining  needed  materials  when 
such  were  unavailable  for  purchase  or  loan  on  the  base  was  deter- 
mined.  The  availability  of  utilities  was  also  detexmilned.  Other 
details  of  the  test  were  discussed  and  what  the  proposed  plans 
for  the  test  wore  as  of  that  date. 

Late  in  December  of  1952  final  plans  wore  fonnulated  and 
rigging  of  the  submarine  for  the  test  was  initiated.  On  Decem- 
i ber  29i  1952,  Mr.  Sollaml,  a representative  of  the  Chemical 
* Engineering  Laboratory  of  Northwestern  Technological  Institute, 

! went  to  Ndw  London  to  follow  the  Installation  and  operation  of 
the  caustic  carbon  dioxide  removal  system. 

The  test  was  to  bo  carried  out  aboard  the  submarine 
< U.  3.  3.  Haddock  (3S23D*  The  submarine  was  not  chosen 

i 

I 

i 
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to  simulate  conditions  aboard  a submarine  but  principally 
because  it  provided  a very  satisfactory  test  chamber*  To 
build  a chamber  a large  expenditure  of  $30^000  or  more 
would  have  been  required,  whereas  the  adaptation  of  the 
submarine  resulted  in  a very  modest  expense*  It  was  orig- 
inally planned  to  moor  this  submarine  in  the  Thames  River 
alongside  pier  13*  ^ese  plans  were  subsequently  changed, 
and  the  Haddock  was  moored  outboard  of  the  submarine  tender, 
Proteus*  This  resulted  In  considerably  more  effort  and 
inconvenience  In  carrying  out  the  test  but  was  a necessary 
navy  procedure.  A work  barge  was  then  moored  outboard  of 
the  Haddock;  the  submarine  thus  was  between  the  Proteus  and 
the  barge*  The  barge  served  as  operating  base  and  a storage 
depot* 

Only  five  of  the  nine  compartments  of  the  Haddock,  a 
fleet  type  submarine,  were  used  in  the  test*  Reading  from 
bow  to  stern  the  five  compartments  were  as  follows!  forwaz*d 
torpedo  room,  forward  battery  compartment,  control  room, 
after  battery  compartment,  and  forward  engine  room*  The  re- 
maining four  compartments  were  isolated  from  the  test  com- 
partments* The  free  voliuae  space  In  the  test  section  was 
estimated  at  approximately  23,000  cubic  feet* 

For  the  test  22  seamen  and  one  medical  officer,  Lt*  Com- 
mander Ralph  E*  Faucett,  the  commanding  officer,  were  sealed 
in  t^e  submarine  in  these  five  compartments  for  sixty  days, 

January  19,  1953  to  March  19,  1953*  Without  carbon  dioxide  re- 
moval equipment  in  an  isolated  space  of  23,000  ou*  ft*  with  23  men 
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generating  carbon  dioxide  at  a rate  equivalent  to  that 
associated  with  moderate  movement  the  carbon  dioxide 
concentration  would  reach  a value  of  1*5^  In  approximately 
llj.  hoursl^^Thls  can  be  seen  from  Figure  !•  In  the  Haddock, 

In  addition  to  the  23  volunteers,  were  white  rats,  guinea 
pigs,  physiological  and  psychological  testing  equipment,  and 
the  atmospheric  control  equipment*  All  this  was  housed  In 
the  five  compartments  of  the  Haddock  which  were  used  for  this 
experiment* 

In  the  determination  of  the  effect  of  the  1*5^  carbon 
dioxide  atmosphere  many  medical  examinations  were  required* 

These  included  the  physiological,  psychophyslologlcal,  psycho- 
logical, and  sociological  tests*  The  medical  aspects  of  the 
teat  were  the  sole  responsibility  of  the  Medical  Research 
Labors toz*y  at  the  New  London  Submarine  Base,  whose  activities 
were  guided  by  the  Project  officer,  Lt*  Newman,  under  the 
command  of  Conmander  0*  J*  Duffner*  This  medical  phase  will, 
of  course,  not  be  discussed  In  any  manner  In  this  report* 

The  public  Interest  of  Operation  Hideout  can  be 

I 

shown  by  the  large  amount  of  publicity  which  It  had  received 
during  and  after  Its  completlcHn*  Figure  2 Is  an  example 
of  one  of  many  news  releases  which  emanated  from  this  ex- 
periment* This  article  appeared  in  The  New  York  Herald 
Tribune  on  Wednesday,  February  11,  1953*  The  Importanoe 
of  determining  the  maxlnua  allowable  concentrations  of  car- 
bon dioxide  for  prolonged  exposure  Is  brought  out  In  the 
article* 

i 
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Underlined  In  the  news  release  Is  the  statenent  about 
the  equip’nont  used  to  remove  the  earbon  dioxide  from  the  air# 
This  equipment  was  deslf^ned,  built,  and  laboratory  tested 
^or  the  Off?_co  of  Naval  Research  by  this  laboratory,  and 
Operation  Hideout  afforded  the  opportunity  to  demonstrate 
the  off ectivonoss  of  the  process.  It  ’s  this  equi-^ment,  as 
underlined  In  the  news  release,  '•nd  Its  operation  during 
Operation  Hideout  which  is  the  substance  of  this  report. 

Tnis  equipment  had  been  designed  for  the  Office  of 
Naval  Research  to  rmove  7.5  pounds  of  carbon  dioxide  per 
hour  from  an  atmospiiere  havlr^r  concor.tration  of  Y'  carbon 
dioxide.  b.Lth  the  exception  of  the  -’nlot  ras  composition, 
which  is  1*5/^  in  tho  test,  and  other  factors  which  it  directly 
affected,  tho  unit  was  operated  according  to  the  design 
specl.^lcatlons. 

Because  of  t'le  more  rl^oro'u.r,  dcslm  requirorients  o’ 
the  unit  and  because  the  number  of  men  ras  23  (instead  of 
the  normal  complement  of  about  PO)  the  carbon  dioxide  re- 
moval rate  -./ould  be  too  rreat  and  the  carbon  dioxide  con- 
tent Of  the  air  would  be  too  low  for  this  test.  This  re- 
quired auxiliary  controls  to  turn  the  scrubber  on  when  tho 
carbon  dioxide  concentration  reached  a certain  level  and  to 
turn  the  scrubber  off  v-hen  the  carbon  dioxide  concentration 
fell  below  e certain  level.  The  plans  called  for  controlling 
the  carbon  dioxide  concentration  at  1.5-0*l^but  the  elec- 
tronic gear  actually  controlled  much  more  accurately  than 
this*  AUowaaee  for  hvunan  error  in  t’uo  calibration  of  the 


mm 


II 


Instpxxment  would  still  maintain  this  accuracy. 

The  equipment  arrangement  made  It  possible  to  control  the 
carbon  dioxide  content  at  any  roasonaMe  concentration  that 
nl;-nt  have  been  desired.  The  o::y.-en  v/as  controlled  at  20.rt0#5^, 
and  the  carbon  dioxide  content  was  controlled  at 
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BQUIPMBIIT  Am  INSTALLATION 

The  Installation  of  the  caustic  process  equipment  aboard 
the  Haddock  was  begun  on  December  30,  195H* 

Caustic  Process 

The  caustic  process  equipment  was  designed  to  remove  7*5 
pounds  of  carbon  dioxide  per  hour  from  an  atmosphere  having  a 
concentration  of  1%  carbon  dioxide*  This  rate  of  carbon  dioxide 
removal  was  based  upon  the  theoretical  exhalation  from  a full 
complement  (approximately  60  men)  of  a fleet  type  submarine  during 
its  actual  operation* 

Detailed  design  specifications  for  the  caustic  unit,  oper- 
ating data,  and  operating  curves  are  presented  in  this  project *s 
previous  repbrt*''^'  This  unit,  developed  for  the  Office  of  Naval 
Research,  is  a non-regenerative  type  carbon  dioxide  removal 
apparatus*  In  non-regenerative  systems  either  the  absorbing 
materials  can  not  be  reused  or  it  is  more  expedient  to  discard 
the  materials  rather  than  to  go  through  another  process  idxlch  may 
be  very  ocmplex,  intricate,  ctimbersome  or  uneconcmiioal  to  prepare 
the  materials  for  reuse*  Such  is  the  ease  with  the  sodium  carbon- 
ate fox«ed  when  carbon  dioxide  reacts  with  sodium  hydroxide  in 
the  caustic  unit* 

For  this  non-regeneratlve  system  there  is  an  8$%  utilisa- 
tion of  tbe  sodium  hydroxide  when  tlM  unit  is  operated  acoordiag 
to  the  design  conditions*  The  operating  oharaoteristies  for  the 
caustie  system  are  presented  in  Table  1* 

I These  operating  conditions  were  very  closely  followed  by 
the  unit  as  im tailed  for  Operatic  Bideeut*  The 

L»soa*Toav,  chemicm. 


T«bl«  1 


RESTR'CT 


.ji3- 


OPERATING  CHARACTERISTICS  FOR  THE  CAUSTIC  UNIT 


Rateaofj^reaa£ 
Air  r»t« 


Liquid  recycle  rate 
Caustic  (28«5^)  feed  rate 
Water  feed  rate— > theoretical 

net 

Effluent  liquid  rate 
Defoamer  rate 


Pressures 

toirer  operating  pressure 
Pressure  drop  in  tower 


CompO||tiona  (Theoretical) 
Air  out 

Liquid  feed  (composite) 


Effluent  liquid 


COg  removed  from  air 


Caustic  utilization 


90  lb.  mol^hr* 

|39  aefM-  • 

600  ofm  at  80*P  aad 
750  nm«  Hg. 

60  gpn  . 

59«6  lb<^. 

127.1  Ib/hr. 

(Depends  on  humidity) 
186.7  Ib/hr. 

1 fluid  ounoe/hr. 


1 atma. 

9 Inches  H2O 


1 % C0« 

0.8  % 00% 

2.5  N NaDH 
Nil  Na^CO, 
0.5  N NaOH^  ^ 
2.0  N 


7.5  Ib/hr. 
80  % 


pi- 


that  were  not  duplicated  Included  the  compos itiona  of  the 
Inlet  air  and  effluent  air  and  tVio  composition  of  the  effluent 
liquid  streams*  The  composition  of  the  Inlet  air  durlnp  this 
t^st  v/as  ImT)'/  carbon  dioxide  instead  of  If^  carbon  dioxide* 

Tnis  chanr©  in  condition  t.lien  resulted  in  changed  conditions 
for  the  outlet  air  composition  and  effluent  liquid  composition* 

An  increase  In  the  carbon  dioxide  content  of  the  air  fed 
to  the  equipment  permits  the  system  to  operate  with  a higher 
drivin"  potential  which  results  in  an  increase  in  the  carbon 
dioxide  absox^jtlon  rate*  Thus,  the  scrubber,  which  was  designed 
to  remove  7*5  pounds  of  carbon  dioxide  per  hour  with  an  inlet 
carbon  dioxide  concentration  of  Ijo,  should  remove  carbon  di- 
oxide at  a rate  above  7*5  pounds  per  hour  with  an  inlet  carbon 
dioxide  concentration  of  1*5^» 

If  the  flow  rates  of  the  air  and  liquid  streams  (including 
the  caustic  feed  solution)  are  not  changed,  th%s  increased 
carbon  dioxide  absorption  rate  v.ill  take  place  which  will  in 
turn  increase  the  utilization  of  the  caustic  to  greater  than  the 
value  * 

Location  of  Scrubber 

It  was  desired  to  locate  the  scrubber  In  an  inccmsplcuous 
place  where  it  would  not  interfere  with  the  conduction  of  the 
tests  by  the  medical  personnel*  In  addition  it  was  necessary 
to  locate  it  where  it  could  be  conveniently  connected  to  the 
ventilation  system  and  without  altering  the  boat’s  stznictura* 

It  was  also  desirable,  but  not  necessary,  to  inatall  the  imit 
idiere  it  might  be  observod  and  any  Imppoper  operation  noted* 


Tha  possible  alternato  locations  for  the  carbon  dioxide 
re»noval  equipment  and  the  methods  of  conn'^ctinr;  the  system 
v:ere  discussed  at  the  November  meeting:*  The  simplest  and 
easiest  installation  was  desired,  because  the  installation 
was  temporary  and  the  allotted  installation  time  was  short* 

In  the  early  plans  as  discussed  in  November,  the  forv/ard 
tomedo  room  wasn't  included  in  the  teat  compartments,  and 
therefore  the  scrubber  and  blower  were  to  be  located  in  the 
forward  enrlne  room*  For  the  connection  of  the  caustic  unit 
It  was  planned  to  have  the  inlet  to  the  unit's  blov/er  and 
the  exhaust  from  the  unit  tied  into  tlie  same  duct  of  the  ship's 
ventilation  system*  The  carbon  dioxide  r'ch  air  was  to  be 
drawn  from  a point  sliThtly  upstream  from  the  point  at  which 
the  carbon  dioxide  lean  air  was  to  be  returned  to  the  duct* 

This  is  illustrated  in  Pifrure  "^* 

Late  in  December  when  final  plans  were  bein'’  formulated, 
the  plana  called  for  the  carbon  dioxide  and  oxy,pen  control 
equinment  to  be  placed  in  the  forward  torpedo  -coom  vrhich 
would  then  be  a part  of  the  tost  apace  of  the  Haddock*  The 
final  decision  to  use  the  forward  torpedo  room  as  a part  of 

I 

the  test  space  and  to  house  the  control  gear  In  this  com- 

1 

partment  permitted  the  scrubber  to  be  Installed  also  in  this 

I 

j compartment*  The  installation  of  the  scrubber  here  was 
advantageous  on  soveral  counts*  It  permitted  the  watch  of 

j consol  gssp  to  observe  also  the  scrubber  operation*  The 

I installfttion  ot  the  equipoeat  vae  sliq^ified*  The  work  space 

f - 

{ mts  larger  permltt.ing  more  freedoa  top  'ptmmimt  erouad  Hie 


Ventilotion  System 
Forward  Engine  Room 
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CAUSTIC  UNIT  AIR  CONNECTIONS  "OPERATION  HIDEOUT  FLOWSHEET 

Figure  3 


equipment  for  observation#  Access  to  the  scrubber  direct 
from  the  top  deck  was  now  possible^  and  the  scrubber  could 
be  inspected  vvithout  the  necessity  of  passing  through  the 
remaining  test  compartments# 


The  equipment  required  for  this  installation  can  be 
divided  into  two  groups#  The  primary  group  consists  of  the 
equipment  required  to  accomplish  the  desired  results#  This 
would  include  that  which  would  be  required  in  a regular, 
routine  installation#  It  would  include  the  absorption  tower, 
the  recirculation  pump,  and  the  caustic  feed  flow  controller# 

The  secondary  group  would  consist  of  equipment  needed 
because  of  the  temporary  nature  of  the  Installation#  Also 
the  improvisations  and  equipment  required  to  observe  or 
measure  the  operation  to  demonstrate  its  action  more  accurately# 
ourc 


The  major  items  of  equipment  such  as  the  absorption  tower, 
proportlonatii^  feed  pump,  defoamer,  liquid  recirculation  pump, 
blower,  and  other  equipment  which  might  be  needed  in  the  test 
were  shipped  from  Northwestern  Technological  Institute#  Much 
of  this  equipment  was  borrowed  from  the  facilities  of  the 
Chemical  Engineering  Department#  The  equipment  shipped  from 
Evanston  is  listed  in  Table  2#  Also  included  in  this  table 


are  pertinent  materials  and  supplies  needed  for  the  teat# 

It  was  determined  at  the  November  meeting  that  supplies 
I such  as  pipe,  pipe  fittings,  sheet  metal,  duct  work,  and  elac- 

I trieal  supplies  o^er  ^an  tlu»8e  in  Table  2 could  be  procured 

I 
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Tabl«  2 


MATERIAL  SHIPPED  FROM  NORTHWESTERN  TECHNOLOGICAL 
INSTITUTE  FOR  USE  IH  OPERATIOM  HIDEOUT 


QlUAtltT 

Description 

Identification 

Nuxid>er 

2 

Transfer  ptusps 

Ch 

E 

P55 

1 

Hills  McCanns  proportionating  pump 

Ch 

E 

P5i 

Ch 

E 

1 

Portable  lightning  mixer 

Ch 

E 

M7 

. 2 

Displacement  water  metera 

Ch 

E 

WM 

1 

Recycle  pus4> 

Ch 

E 

35 

Ch 

E 

P39 

1 

Blearer  (U.  S.  War  Dept*  No*  50670) 

M 

B 

8 

1 

Hasting  alrmetor 

Ch 

E 

A23 

1 

Flofwrite  airmeter 

Ch 

E 

A23 

1 

Carbon  dioxide  regulator 

Ch 

E 

R119 

2 

Schutte  Koertlzu;  rotameters 

Ch 

E 

R80 

, 

Ch 

S 

R6k 

2 

Manometers 

Ch 

B 

85A 

Ch 

E 

88B 

1 

Electric  timer 

Ch 

E 

Til 

1 

Absorption  tower 

• • 

• 

• • # 

1 

Oefoamer 

• • 

e 

• • • 

8 

No*  2 - l6"  X 25"  X 2"  fiber  glass 

dust-stop  filters 

• • 

e 

e • • 

6 cu  ft  Berl  saddles 

• • 

e 

• • • 

5 

Disconnect  switches 

• e 

e 

• • • 

5 

Starters 

• • 

• 

• • • 

3 

Tower  blower  ad«wters 

• e 

# 

• • • 

« 

2",  1/2",  and  lA^”  piping  and  valves 

e e 

• 

• • • 

3 

Goggles 

• • 

• 

• • # 

4 

Pair  rubber  gloves 

• e 

e 

e e • 

5 

Dust  masks 

• e 

• 

• • • 

25 

Cotton  pad  refills  for  masks 

• e 

• 

• • # 

80 

100  lb*  drums  sodium  hydroxide 

• • 

• 

• • • 

ia.-..;XTEU 
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j through  tho  storei  at  Sew  Itoodon  and  would  therefore  not  have  to  be 
I shipped  fr<»a  Evanston* 

The  electrical  equli»aent  which  was  available  for  use  In  thla 
test  required  either  220  volt  or  110  volt  6o  cycle  A.  C*  current* 

I It  would  have  been  undesirable  to  purchase  direct  current  aotore 
specifically  for  this  test  because  of  the  cost  and  tlae  required 
- for  Its  procurenent*  13x1s  became  txnnecessary  because  the  Haddock 
{ had  been  stripped  of  Its  batteries  and  power  was  to  be  fed  to  t3xe 

boat  frost  shoz*e  installations* 

I 

j The  exact  equipment  required  for  the  process  was  unavailable 

In  many  cases  so  that  oversize  equi|»aent  was  used  azxd  throttled  to 
I produce  the  proper  characteristics*  The  air  blower  was  an  example 
of  such  equipment*  The  blower  used  was  considerably  overslse*  ! 

Scrubber  axstallation 

To  install  the  scmxbber  it  was  necessaz*y  to  cut  It  and  reweld 
: It  Inside  the  boat*  The  scrubber  and  the  other  axixlllary  equl]saent  i 
which  were  Installed  are  illustrated  in  the  flowsheet^  Figure  1|.* 

t 

This  Included  all  equipment  of  both  groups * the  primary  group 
needed  for  a standard  Installation^  and  the  secondary  group  needed 
to  demons trite  its  operation  and  to  improvise  for  the  temporary 
Installatlcm* 

The  air  was  pulled  from  the  ventilation  system  by  the 
blower 9 forced  through  the  scrubber  and  entrainment  separator 
and  back  to  the  ventilation  s^wtem*  The  carboa  dioxide  was 
rMKxved  from  this  air  stream  by  the  caustic  solution  in  the 
scrubber*  9m  intimate  coi^aet  req^li^  between  the  caustic 
caution  sad  ths  air  la  aocosqxlidied  ^ circulating  the  a<^tisa 
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th®  bottom  with  the  recycle  pump  nnd  feodlnp;  It  back  Into  the 
top  of  the  scrubber  throuph  a liquid  distributor* 

To  replace  the  causLlc  vih‘c'::  has  been  used,  fresh  caustic 
Is  fed  Into  the  system*  The  caustic  solution  comes  from  the 
temporary  caustic  and  water  supply  tanks  and  is  fed  into  the 
system  by  metering  pumps.  A flow  meter  (FM)  Is  also  placed 
in  this  feed  line  to  verify  the  flow  i*ate. 

The  used  caustic  solution  flows  out  of  the  scrubber 
through  an  overflow  on  the  sump.  This  could  be  pumped  directly 
to  the  sea,  or  let  flow  to  one  of  the  tanks  or  to  the  bilge 
and  pumped  out  periodically.  This  installation  utilized  a 
small  waste  tank  and  a centrifural  pump.  The  v/aste  tank  level 
was  controlled  by  a liquid  level  controller. 

The  equipment  Installed  Inside  the  submarine  in  the  forward 
torpedo  room  consisted  of  the  ncrnbbor,  blower,  recycle  pump, 
discharge  pump,  waste  s'imp  tank,  disulaccraent  liquid  meter,  and 
manometer.  All  these  items  were  nlaced  just  forward  of  the 
after  bulkhead  and  sonar  gear  on  the  port  side  (left  side)  of 
the  forward  torpedo  room.  This  equipment  covers  an  area 
approximately  9 feet  long  and  2 feet  wide. 

Compactness  of  the  equipment  for  this  set-up  was  not  re- 
quired or  desired.  The  Installation  was  temporary,  because 
the  authorities  did  not  permit  any  changes  in  the  submarine 
structure.  Ag.  a result  the  equipment  was  spread  out  in  a 
long  narrow  band.  This  allov/ed  more  space  in  the  middle  of  the 
compartment  for  personnel  traffic*  Figures  5#  6,  7,  8,  and  9 
show’  different  views  of  the  installation  of  this  equipment  in 

CHEIVICA,  „MjINEERING  laboratory,  chemical  engineering  department,  NORTHWESTERN  UNIVERSITY 
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I 

I 

) 

the  forward  torpedo  room*  scrubber  was  placed  on  the  | 

platform  deck  with  the  deck  plat©  removed.  This  was  done 
so  that  observation  could  be  maintained  on  the  other  equip- 
ment which  had  to  bo  installed  in  the  space  below  the  unit.  j 

This  is  clearly  shown  in  ’^irures  3 and  9.  The  blower  shov.Ti  1 

in  Tiruro  6 was  bolted  to  stronrbacks  which  in  turn  were  | 

anchored  by  clamps  to  the  platfom  deck  supports.  This  blower 
was  also  mounted  on  rubber  pads  in  order  to  decrease  any 
vibrational  noises. 

Ihe  capacity  of  the  blower  shown  in  this  fipure  exceeds 
considerably  the  air  flow  rate  desired  for  a carbon  dioxide 
scrubber.  Tliia  process  would  require  a blov.er  similar  to 
the  battery  blower,  but  none  were  available  for  this  test. 

No  blower  of  the  exact  size  was  available  at  Northwestern 
Technological  Institute.  However,  for  the  temporary  install- 
ation this  largo  oversized  blower  was  used  and  throttled  to 
the  proper  rate. 

A manometer  was  connected  to  the  inlet  and  outlet  of  the 
tower.  This  was  used  as  a measvire  of  the  air  flow  through 
the  unit.  It  could  also  be  used  as  an  indicator  for  detecting 
any  excessive  foaming  of  the  solution  within  the  scrubber, 
detecting  any  stoppages  in  the  fiber  glass  dust-stop,  or 
detecting  any  other  operational  problems.  It  was  raoimted  in 
the  front  of  the  scrubber  and  is  visible  in  Figures  5,  6,  and  7. 

A top  view  of  the  space  below  the  platform  deck  on  which 
the  scrubber  was  placed  la  more  clearly  shown  In  Figure  8* 

This  figure  shows  the  recycle  lines  to  and  from  the  scrubber, 

CHtWlCAu  ENGINEERING  LABORATORY,  CHEMICAL  ENGINEERING  DEPARTMENT,  NORTHWESTERN  UNIVERSITY 
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the  liquid  level  control  for  the  sump  on  the  scrubbei’,  and  tlie 
waste  liquid  tank  with  the  float  type  liquid  level  control. 

Fit;ure  9 is  a picture  of  the  same  below  deck  area  directly 
below  the  scrubber  snowing  the  space  limitation  in  v/hich  the 
recycle  aiid  waste  discharge  piimps  and  waste  tank  were  installed. 

In  the  background  of  this  figure  the  waste  discharge  tank  is 
faintly  visible. 

Figure  5 Is  a view  of  the  scrubber  and  the  electrical 
power  panel  from  which  the  unit  operated.  The  equipment 
mounted  on  this  panel  included  disconnect  switches,  starting 
relays,  motor  starters,  an  electrical  timer,  and  an  analyti- 
cal time  delay  relay. 

The  air  lines  to  tho  inlet  and  outlet  of  the  scrubber 
and  the  liquid  inlet  line  are  shown  best  in  Figure  7.  These 
lines  were  installed  for  functional  use  only  with  what  materials 
were  available.  The  winding  nature  of  these  ducts  would  not 
be  desirable  or  necessary  In  a regular  installation.  The  ducts 
very  excellently  served  the  purpose  of  conducting  the  air 
stream  between  the  ventilation  system  and  the  scrubber. 

The  air  supply  to  the  carbon  dioxide  scrubber  is  essen- 
tially similar  to  that  originally  proposed  with  the  exception 
that  the  connections  are  made  at  the  terminals  of  the  ship’s 
venllatlon  system.  The  connections  to  the  supply  main  can  be 
seen  in  Figure  7.  The  main  is  continued  and  opens  behind  the 
chain  fall.  A danger  in  this  line  near  the  outlet  controls 
tho  air  supply  to  the  forward  torpedo  room.  The  outlet  from 
the  entrainment  separator  is  looped  back  In  order  that  it  covild 
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be  connected  to  the  ventilation  exhaust  main*  ITiis  is  tied 
into  the  exhaust  ventilation  main  in  a manner  similar  to  the 
connection  to  the  supply  ventilation  main* 

Both  the  waste  discharge  stream  and  the  feed  solution 
liquid  stream  go  to  the  outside  of  the  boat  through  a dummy 
hatch*  Those  lines  can  bo  seen  going  to  the  hatch,  which  is 
visible  in  the  upper  left  hand  corner  of  Figxiro  7.  The  feed 
solution  goes  through  the  displacement  typo  water  meter  located 
on  too  of  the  carbon  dioxide  scmibber  and  then  to  the  unit* 

This  meter  is  shown  in  Figures  5 and  7* 

With  the  exception  of  the  control  equloraent  the  above 
is  the  entire  equimnent  which  was  installed  in  the  fojrward 
torpedo  room*  Some  of  this  equipment  was  installed  for  test 
purposes  and  will  not  bo  required  on  a final  unit* 

Caustic  Storage  and  Method  of  Feed 

It  was  deteralned  at  the  November  meeting  that  the  28*5^ 
caustic  feed  solution  could  be  stored  either  on  the  pier  or  on 
the  work  barge*  Prom  there  the  solution  could  be  pumped  by  a 
proportionating  pump  into  the  Haddock  to  the  tmlt  through  the 
high  salvage  line*  With  these  plais  it  would  have  been  necess- 
ary to  mm  a flexible  line  between  the  barge  and  the  submarine* 
To  insure  that  the  line  would  remain  intact  during  shifting 
and  to  Insure  that  the  line  would  not  freeze  would  have  re- 
sulted in  difficult  but  solvable  problems* 

As  the  final  plans  became  formulated  in  December  it  was 
deemed  possible  to  store  the  caustic  solution  on  the  bow  of 
the  submarine*  This  was  much  more  convenient*  This  storage 
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was,  of  course,  a temporary  measure  for  use  in  this  test  only# 

The  feed  solution  could  be  stored  in  several  manners  in  a re- 

I 

pnilar  installation.  | 

The  concentrated  solution  of  caustic  could  be  mixed  as  it  ' 

was  needed  on  the  boat  or  else  the  entire  supply  could  be  nixed  | 

and  stored  as  such.  For  the  former  method  the  pure  sodixam  hy-  i 

i 

droxlde  must  be  stored  inside  the  submarine  as  solid  and  a sol-  | 

t 

ution  made  with  sea  water  durinr  the  time  the  caustic  unit  is 

I 

In  operation.  The  mlxinr  of  the  concentrated  caustic  aboard  the 
submarine  would  require  additional  equipment  and  a strict  enforce-  ; 
ment  of  the  safety  requirements.  This  would  be  similar  to  hand-  - 

ling  the  carbon  dioxide  absorbent  presently  used  aboard  subma-  | 

I 

rlnes.  The  storage  ol’  the  solid  sodium  hydroxide  and  the  addi-  : 

tlonal  mixing  equl-'ment  would  require  space  inside  the  subma-  | 

rlne#  and  the  actual  mixing  aboard  the  submarine  v/ould  be  un-  ! 

! 

desirable.  In  the  latter,  the  solution  can  be  mixed  aboard  ' 

submarine  tenders  or  ashore  with  fresh  water  or  sea  water  whichever 
was  accessible.  This  solution  can  then  be  stored  In  a ballast 
tank  or  in  plastic  bags,  both  of  which  do  not  affect  the  aval-  | 

lable  space  Inside  the  submarine.  There  are  probably  other  i 

I 

posslbllltes,  but  up  to  date  the  storage  in  plastic  bags  appears  j 
to  show  the  greatest  promise. 

The  use  of  plastic  bags  for  stowage  was  based  on  the  con- 

i 

ditlon  that  they  be  placed  outside  the  pressure  hull  of  the 
submarine  in  the  free  flooding  main  ballast  tanks  which  are 
between  the  pressure  and  outer  hull  and  are  seoarated  by  light 
athwariship  bulkheads.  These  plastic  bags  would  be  manifolded 
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together  lo  that  the  28»55^  cauatlo  lolutlon  can  be  drawn  from  any 
one  or  all  of  the  containers.  In  this  way  the  storage  of  the 
solution  would  not  require  any  space  which  Is  so  vital  Inside  a 
submarine.  The  caustic  solution  in  the  bags  being  exposed  to  sea 
pressure  could  be  easily  utilized  by  allowing  this  pressure  to 
force  the  required  solution  Into  the  scrubber.  This  matter  of 
storage  Is  discussed  In  greater  detail  as  to  the  structure,  con- 
struction, and  arrangement  of  the  plastic  bags  In  this  project's 

(2 

previous  reports.'  * 

However,  since  the  Installation  for  Operation  Hideout  was  a 
temporary  one  and  was  for  only  a short  duration,  the  use  of  the 
plastic  bags  for  stowage  was  not  warranted.  Instead,  the  more 
temporary  arrangement  of  using  large  metal  tanks  was  adopted. 

The  sodium  hydroxide  and  the  dilution  water  tanks  were  placed  on 
the  bow  of  the  Haddock  forward  of  the  forward  escape  trunk  hatch. 
The  caustic  solution  strength  was  28. 55^,  which  Is  the  strength 

t 

that  is  proposed  to  store  the  caustic  in  plastic  bags. 

The  freezing  point  of  2S»S%  sodium  hydroxide  Is  3*C  below 
I the  freezing  point  of  water,  or  -3*C.  If  the  caustic  solution  were 
stored  in  plastic  bags.  It  would  be  siurrounded  by  sea  water.  The 
I coldest  sea  water  is  about  Therefore,  the  concentration 

of  the  caustic  was  so  chosen  that  the  solidification  of  the  solu- 
tion would  occur  below  the  freezing  point  of  sea  water. 

I The  water  to  be  used  In  this  process  would  noznaally  be 

I drawn  from  the  sea.  This  could  have  been  done  In  this  test 
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but  rould  ronslMy  have  rpsulted  5n  problems  due  to  the  debris 
in  the  river.  This  Is  not  serious  since  strainers  could  have 
been  nrovlded  and  cleaned,  but  since  oven  a temporary  interfer- 
ence in  the  carbon  dioxide  content  of  the  air  mii^ht  influonce 
the  medical  tests  and  would  be  undesirable,  it  was  decided  to 
use  clean  water.  To  insure  on  adequate  supply  in  case  of  an 
interruption  of  service  from  si'.ore  installations,  a holding 
tank  for  a reserve  was  provided.  Other  problems  such  as  nlug- 
rinf;:  of  the  line  dixe  to  freezlnp  also  influenced  the  choice 
of  usin^  a storage  tar.lc  v.-horo  better  control  could  be  main- 
tained. 

The  storage  tanks  used  ^or  the  liquids  were  available 
in  the  salva-e  depot  at  Nev/  London  and  were  utilized  because 
of  their  accessibility  :'at!'.er  than  for  the  puruose  for  wh^ch 
they  were  Intended.  These  tanks  had  to  bo  altered  to  allow 
for  dralnare  and  for  heating  .facilities  to  be  installed. 

Flrure  10  shows  a view  of  tlxo  top  dock  installation  including 
the  two  storage  tanks.  The  larger  of  the  tanks  appearing  in 
the  background  was  used  for  caustic  storage  and  the  other  for 
water  storage. 

Provisions  wore  necessary  to  hoop  t’ne  solutions  in  a li- 
quid state  for  the  duration  of  the  tost.  Since  these  liquids 
were  exposed  to  the  cold  winter  weather,  arrangements  were 
necessary  to  keep  the  caustic  and  water  in  the  storage  tanks 
from  freezing.  Steam  was  admitted  directly  into  the  water 
tank  since  the  condensate  could  be  used  as  dilution  water. 

For  the  caustic  solution,  however,  the  steam  was  introduced 
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into  colls  which  were  Installed  in  the  caustic  storage  tank^ 
and  the  condensate  was  discharged  overboard* 

Installed  next  to  the  storage  tanks  wore  the  metering 
pumps  (driven  by  a single  motor)*  In  this  temporary  instal- 
lation the  metering  pump  was  used  nrimarlly  to  motor  and  con- 
trol the  flow  since  the  head  of  the  tank  would  have  been  suf- 
ficient to  provide  the  flow*  This  metering  pump  could  and 
would  normally  be  replaced  by  a flow  controller*  The  pump  is 
seen  in  Figure  10*  The  proportionating  pump  Is  equipped  with 
an  air  dome  to  rive  a cushioning  effect  to  the  flowing  liquid 
stgeam  and  is  equipped  with  a pressure  relief  valve  downstream 
to  insure  the  proper  flow  when  the  pump  is  operating.  The 
choice  of  putting  the  feed  pumps  near  the  feed  tanks  rather 
than  inside  at  the  luilt  had  no  special  reason*  V'ith  Instal- 
lation  on  the  top  deck,  one,  instead  of  two,  lines  had  to  be 
steam  traced,  and  the  noise  of  the  pumps  which  was  not  a ne- 
cessary function  of  the  unit  would  not  be  imposed  unnecessa- 
rily on  the  persoimel*  The  proportionating  pump  was  kept  waimi 
by  wrapping  two  loops  o^  flexible  piping  around  it  and  covering 
this  with  a wooden  base* 

The  transfer  lines  from  the  tanks  to  the  pvimp  were  traced 
with  1/2”  copper  tubing  through  which  steam  flowed*  Both  of 
these  lines  were  wrapped  together  with  1;”  wide  canvas  strips 
in  order  to  insulate  the  warm  lines  from  the  atmosphere*  The 
wrapped  linos  from  the  tonka  to  the  pmnp  and  the  flexible  pip- 
ing can  bo  seen  in  Figure  10*  The  transfer  lino  conveying  the 
feed  solution  from  the  pump  to  the  dummy  hatch  was  similarly 

CHeiViCAL  ENGINEERING  LABORATORY,  CHEMICAL  ENGINEERING  DEPARTMENT,  NORTHWESTERN  UNIVERSITY 

. illV  ^ 


wrapoed#  This  line  then  proceeded  throvigh  the  dummy  hatch  to 
the  liquid  displacement  meter  on  top  of  the  caustic  unit* 

Control  Equipment 

Since  the  continuous  operation  of  the  scrubber  would  have 
resulted  In  a carbon  dioxide  concentration  much  lower  than  the 
desired  value  It  was  necessary  to  make  provisions  for  preventing 
this  situation*  It  could  be  accomolished  by  any  of  the  follow- 
ing methods* 

1*  R\m  the  scimbber  continuously  and  Introduce  extra 
carbon  dioxide  from  tanka  to  take  care  of  the  excess  capactly 
of  the  scznibber. 

2*  Run  the  scrubber  continuously  but  at  operating  condi- 
tions much  below  design  specifications* 

3*  Run  the  scrubber  Intermittently  and  maintain  the  con- 
centration between  narrow  limits* 

The  generation  rate  would  not  be  constant  throughout  a 
twenty-four  hour  day  because  of  the  variation  in  the  activity 
of  the  personnel*  The  entrance  and  exit  of  the  medical  teams 
and  observers  resulted  In  an  even  more  variable  total  generation 
rate* 

The  second  method  was  not  a desirable  one  because  It  would 
give  no  true  Indication  of  the  capabilities  of  the  scrubber* 

Also  because  of  the  variations  in  the  carbon  dioxide  generation 
rate.  It  would  be  very  difficult  to  follow  the  generation  rate 
with  the  removal  rate.  The  time  lag  would  bo  gi*eat  and  the 
ability  to  maintain  the  carbon  dioxide  concentration  at  exactly 
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the  1»5^  level  would  have  been  difficult*  The  carbon  dioxide 
concentration  would  tend  to  fluctuate  over  a wide  range* 

The  first  method  would  require  the  consumption  of  consider- 
able carbon  dioxide  from  the  tanks,  about  6 pounds  an  hour, 
or  about  6000 pounds  for  the  teat* 

Tlie  third  method  had  the  most  desirable  conditions  and  was 
the  method  actually  used*  This  method  called  for  intermittent 
operation  of  the  scrubber*  The  turning  on  and  off  could  have 
been  done  manually  whenever  the  concentration  so  indicated  that 
one  or  the  other  should  be  done*  It  could  also  be  done  automa- 
tically by  electronic  controls*  These  permit  the  concentration 
to  be  controlled  over  a finer  range  and  permit  a much  more  re- 
liable control  in  that  they  eliminate  the  hmnan  error* 

The  electronic  equipment  used  in  Operation  Hideout  for 
controlling  the  atmosphere  of  the  submarine  at  the  proper  level 
of  carbon  dioxide  was  installed  on  the  starboard  side  of  the 
forward  torpedo  room  directly  opposite  the  scrubber*  Figure  11 
shows  most  of  the  equipment,  particularly  the  Oow  Mac  carbon 
^ dioxide  analyzers  and  the  Brown  continuous  balance  potentiometers* 
j Just  a small  portion  of  the  equipment  shown  was  used  for  control 
of  the  caustic  unit*  The  oxygon  content  was  also  controlled  and 
i provisions  wore  included  for  adding  oxygen  as  needed  and  for 
even  adding  carbon  dioxide  if  the  concentration  became  too  low* 
These  were  all  controlled  by  this  panel* 

The  equipment  for  controlling  the  carbon  dioxide  content 
consisted  of  a Gow  Mac  analyzer,  a Brown  potsntioOMttr,  and  a 
! Liston  Becker  carbon  dioxide  analyzer*  The  two  Gow  Mae  units, 

i 
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only  one  of  which  was  used,  are  seen  on  the  left  In  Figure  11,  and 
the  necessary  drying  and  ascarite  U-tubes  are  below  it*  Three 
potentiometers,  the  middle  one  of  which  was  used  for  the  scrub- 
ber control,  are  located  on  the  right*  The  Liston  Becker  is  not 
visible  in  the  figure* 

The  Sow  Mac  analyzed  the  air  stream  and  sent  a weak  signal 
to  the  potentiometer,  which  responded  to  this  signal*  If  the  po- 
tenlometer  deviated  from  the  limited  range  for  which  it  was  set, 
the  scrubber  either  started  or  stopped,  depending  on  which  end 
of  the  range  was  crossed.  This  hookup  had  a tendency  to  drift* 

The  Liston  Becker  Instrument  was  used  to  calibrate  the  Gow  Mac  - 
Brown  combination,  and  the  Liston  Becker  was  in  turn  calibrated 
with  standard  gases* 

Ihe  Gow  Mac  operates  on  the  thermal  condxictlvity  principle* 

, The  air  was  drawn  from  the  ship's  ventilation  supply  main  at  a con- 
stant rate  of  5 cubic  centimeters  per  minute*  A Stedman  pump  aid- 
ed in  pulling  this  sample  at  the  desired  rate  from  the  duct  and 
through  the  Instxniment*  This  air  stream  must  be  dried,  and  this 
drying  is  accomplished  by  passing  the  stream  through  indicating 
silica  gel  in  the  U-tubes  pointed  out  in  the  flg\a*e*  The  dried 

I air  is  then  passed  through  one  side  of  the  Gow  Mac  instrument* 

After  this  passage  the  air  must  be  stripped  of  its  carbon  dioxide 
and  redrled  before  passing  it  through  the  other  side  of  the  instru- 

I ment*  This  is  done  by  passing  the  air  stream  successively  through 
U-tubes  containing  indicating  Mcarite  and  silica  gel*  The  dry 

j carbon  dioxide-free  air  is  then  passed  throiigh  the  other 

I 

I side  of  the  Gow  Mao*  The  difference  in  thermal  conductivity 
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I of  the  air  stream  under  these  two  conditions  sets  up  an  eleo-> 

! trloal  direct  current  signal  of  very  small  magnitude* 

I 

I The  signal  from  the  Gow  Mac  was  sent  to  the  breaker- type 

' amplifier  In  the  Brown  potentiometer*  The  potentiometer  ampll- 

i 

fled  the  electrical  signal*  The  output  from  the  amplifier 
I operates  a control  motor  which  drives  the  Indicator  arm  as 

seen  on  the  face  of  the  potentiometer  In  Figure  11*  The  small- 
est division  visible  In  the  dial  of  the  potentiometer  was  equl- 
j valent  to  approximately  0*01^  carbon  dioxide  (or  the  main  divi- 
sions between  numbers  was  approximately  0*1^  carbon  dioxide)* 

The  range  of  the  potentiometer  can  be  set  so  that  as  the  arm^ 

t 

which  Indicates  the  coa^josltlon,  moves  out  of  the  range  a mlcro- 
, switch  Is  operated  which  then  activates  the  necessary  switches 
for  the  scrubber*  The  equipment  was  sensitive  enough  to  con- 
trol the  carbon  dioxide  concentration  at  l*^lo*03^*  Due  to  the 

I 

drifting  tendencies  the  actual  sensitivity  would  be  less  aecu- 

J rate  * 

j This  tendency  to  drift  was  corrected  by  periodic  checks 

I with  a Liston  Becker  instrument*  The  Liston  Becker  is  an 
infra  red  analyzer*  This  analyzer  was  first  calibrated  with 
I two  gases  of  known  constant  composition*  The  carbon  dioxide 
! content  of  the  boat*s  atmosphere  was  then  determined  and  if 
a drift  in  the  Gow  Mac  - Brown  system  had  occurredf  the  lnstz*u- 
I ment  was  reset*  This  consisted  of  resetting  the  Brown  for  a 

i 

i new  scale  range  that  corresponded  to  the  proper  carbon  dioxide 

i 

content  range*  These  Liston  Becker  analyses  were  made  once  an 
hour  when  possible*  The  Instrument  performed  double  duty 
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: vas  not  always  available. 

I 

Electrlo  Power  Connections 

The  power  required  for  the  scrubber  Installation  Included 
110  volt  and  220  volt  alternatln/r  current.  This  power,  in  fact 
all  power  on  the  boat,  was  supplied  from  shore  installations. 

The  elctrical  equipment  Involved  on  the  scrubber  included  the 
feed  pump  (110  volts),  recycle  pump  (220  volts),  overside  pumps 
(220  volts),  blower  (220  volts),  overflow  valve  (110  volts),  and 
timer  (110  volts).  All  equipment  was  connected  throup;h  switches 
directly  to  the  power  suoply.  The  overside  pump  switch  v/as  ac- 
tuated by  a liquid  level  controller  in  the  overflow  sump.  All 
other  switches  v/ere  actuated  by  electrical  signals  from  the  Brown 
potentiometer.  These  connections  are  shown  in  Figure  12.  The 
solid  connootlng  lines  represent  power  supply  wires,  and  the 
dashed  lines  represent  wires  corryinf  electrical  control  signals. 

The  delay  switch  Is  necessary  because  of  the  liquid  holdup 
In  the  oacklng.  "“hen  the  eq  liument  is  shut  dowix,  this  holdup 
volume  drains  down  Into  the  sump  and  must  be  held  there  to  per- 

I mlt  efficient  onention  when  the  scrubber  is  next  started.  Vfnen 

it  is  necessary  to  start  again,  the  recycle  pump  starts  first, 
redistributing  this  solution  through  the  packing.  This  arrange- 

I 

; raent  eliminates  any  low  utilization  of  the  caustic  solution  and 
' prevents  the  air  from  picking  up  solution  from  a high  liquid  le- 
vel in  the  sump.  These  two  effects  are  minor,  however, 
i The  switches  wore  all  located  on  a panel  visible  in  Figure  5. 

On  the  top  row  were  (1)  the  main  disconnect  switch  (220  volt,  3 

' phase)  for  the  scrubber  which  controlled  all  power  except  tliat  to 
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tho  110  volt  transformer,  and  (2)  the  '.Ol  to  1000  minute  eleo* 
tn'cal  timer  (110  volts).  In  the  second  row  were  (1)  the  start- 
ing relay  switch  for  blower,  feed  pump,  and  timer,  and  (2)  tho 
disconnect  switch  (220  volt,  3 phase)  for  tho  transformer  which 
is  tho  110  volt,  single  phase  soux'ce.  In  tho  third  row  were  (1) 
the  waste  pump  starter  switch  (220  volt,  3 phase),  (2)  the  adjust- 
able time  delay  relay  (0-120  seconds),  and  (3)  the  recycle  pvimp 
starter  switch.  tho  bottom  row  was  the  startljig  relay  switch 
for  the  recycle  pump. 
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EXPERBIENTAL  PROCEDURE 

Operatlo>\  Hideout 

Th,;  duration  of  the  operation  v.as  from  January  19*  1953 
until  March  19,  1953  or  a total  of  6o  days*  All  personnel  and 
equipment  wore  on  board,  and  the  tost  ,r*ot  vinderway  at  0915  o’clock 
on  January  19*  Ventilation  v,ii.}i  the  outside  atmosphere  was  main- 
tained until  I'^OO,  January  27*  I>urlnc  this  Interval  the  carbon 
dioxide  concentration  of  iho  sibmarine  air  was  essentially  the 
same  as  It  is  In  the  normal  atmosphere*  At  1300  o'clock  on 
January  27  the  outside  hatches  were  closed,  at  which  time  the 
submarine  atmosphere  was  essentially  Isolated.  ?he  carbon  dioxide 
content  of  the  submarine  atmosphere  began  to  build  up,  reaching 
the  control  content  of  1*5;^  at  2000  o'clock.  Prom  this  time  until 
the  ship's  ventilation  was  again  opened  to  the  outside  atmosphere 
this  Isolated  air  was  recirculated  through  th^-^  submarine.  The 
excess  carbon  dioxide  which  was  generated  was  removed,  and  the 
oxygen  wh’ch  was  consumed  was  replaced,  but  the  nltrosen,  argon, 
and  any  other  inert  gases  recirculated  essentially  unchanged 
throughout  the  Isolation  period. 

At  2000  ofclock  on  March  10  the  ship's  ventilation  was  again 
opened  to  the  outside  atmosphere.  The  personnel  were  then  breath- 
I Ing  essentially  carbon  dioxide-free  air  again*  At  l^OO  o'clock 
I on  March  19  the  test  was  completed,  and  the  personnel  left  the 

: boat* 

! 

The  scxnibber  was  used  durinr  the  period  January  27  through 
i March  10  when  the  atmosphere  was  Isolated  and  the  excesa  carbon 
, dioxide  had  to  be  removed* 

I 
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■ Oporatlon  Prenaratlon 

Aftor  tho  equipment  war,  Inn  tailed,  the  preliminary  testing 

! 

i consisted  oT  insuring  that  all  enuipmont  operated,  that  the  lines 

I 

; were  clear,  and  that  proper  onei’at’n  coridltious  could  be  attained 

I I 

and  maintained.  j 

The  strong  caustic  nolu^ion  was  :nade  up  In  suff'riont  quantity  I 
to  last  for  the  entire  tost.  Tho  amount  made  up  v/as  d9»030  pounds, 
which  quantity  only  partially  filled  tbe  tank  used  for  the  storage. 
All  of  this  caustic  made  up  was  not  UwSd  during’:  tho  test.  Approx- 
imately 6000  pounds  remained  to  bo  disposed  of  at  the  end  of  the  | 
test. 

Operation 

The  operation  of  the  equip -.ent  was  quite  simple.  Since  the 

seirubber  was  turned  on  and  off  at  tho  proper  time  by  the  electronic 
' ' I 

equipment  shown  in  Figure  11,  the  required  work  consisted  of  per- 
iodic ins’^ections  to  verify  the  proper  operation,  mairing  resdlnrs 
and  taking  and  analyzing  samples  to  fotormlne  the  exact  carbon 
dioxide  removal  rate. 

i The  operation  of  tho  scrubber  consisted  of  intimately  con- 

( 

j tactlng  the  air  and  caustic  solution  by  passing  them  through  the 
I 1 inch  3erl  saddles  In  the  scrubber.  The  carbon  dioxide  reacts 
: with  the  caustic  solution  according  to  the  following  reaction  and 

j 

j is  removed  from  the  air. 
j COg  ♦ 2NaOH  > * ^2° 

! The  fresh  sodium  hydroxide  solution  (2.5N)  is  metered  into 

I the  scrubber  at  a constant  rate  by  the  proportionating  pumps. 

These  pua^s  were  calibrated  and  set  to  deliver  the  proper  amount 
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I of  water  and  caustic  solution*  The  volums  of  the  diluted 

i solution  was  checked  by  a displacement  flow  meter,  ihe  flow 
I motor  reading  was  actually  leas  accurate  than  the  calibration 

I of  the  feed  pumps.  It  served  best  to  check  against  failure  in 

1 

j the  feed  line  such  as  a freeze  w.ich  might  either  drastically 

I reduce  the  flow  or  hold  valves  open  and  pennit  an  excessive  flow* 

j 

I After  reacting  with  the  carbon  dioxide,  the  spent  solution  flowed 
I out  the  overflow  and  was  pumped  overboard.  In  passing  through 
I the  scrubber  over  8o>  of  the  sodimn  hydroxide  has  been  converted 
to  sodium  carbonate. 

I Readings  taken  during  the  test  included  (1)  the  meter  reading 

' on  the  feed  stream,  (2)  the  reading  of  the  electrical  t Imer,  and 
(3)  the  manometer  reading  of  the  tower  pressure  drop.  The  carbon 

dioxide  content  of  the  air  in  the  ventilation  system  as  determined 

I 

' by  the  Liston  Becker  and  the  carbon  dioxide  content  of  four  com- 
i partments  as  determined  by  the  Dwyer  were  also  recorded. 

The  meter  reading  checked  tho  feed  pump  operation.  The  timer 

! reading  indicated  the  time  the  scrubber  was  in  operation  and  the 

i 

j time  of  operation  of  the  feed  pumps,  '^he  recirculating  pump  always 
operated  30  seconds  before  the  rest  of  the  equipment  want  Into 
action,  and  it  was  the  latter  time  which  was  important  and  which 
was  measured.  This  time  was  the  scrubber  operating  time  which  was 
used  to  determine  the  carbon  dioxide  removal  rate  per  hour.  It 
was  also  the  time  used  to  measure  the  operating  time  of  the  feed 
pumps  and  thus  the  feed  volume* 

The  manraoeter  measured  the  pressure  drop  of  the  air  stream 
through  the  scrubber*  After  setting  the  air  rate  on  a properly 
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I 

I functlonlnf::  tower  the  manometer  could  be  used  to  detect  pluggage 

j In  the  entrainment  separator  or  of  the  packing  (Increase  of  AP), 

i 

! a pluggage  of  the  liquid  distributor  (decrease  of  AP),  an  exces- 
i sively  high  liquid  level  in  the  sump  (an  increase  in  AP),  and 
j several  other  possible  o.ourronccs. 

Samples  of  the  liquid  solution  fed  into  the  scrubber  and  of 
the  affluent  solution  leaving  the  tower  were  taken  at  frequent  in- 
I tervala*  Quick  approximate  analyses  were  neri'ormed  immediately 
aboard  the  submarine,  fhese  analyses  were  also  used  v.o  check  the 

i 

operation  of  the  feed  stream.  A variation  in  the  sodium  hydroxide 
noirmality  would  indicate  trouble  due  to  ''roe sing  in  either  the 

I 

: water  or  the  caustic  feed  solution.  A '"ariation  in  the  carbonate- 
hydroxide  ratio  In  the  effluent  stream  would  also  IncJicate  a plug- 
gage  In  the  line  of  either  solution  or  of  both  solutions. 

' The  samples  ^or  precise  analyses  were  taken  to  the  laboratoiry 

I on  the  barge.  Those  •inalysos  were  used  to  detex'mine  the  carbon 
I dioxide  removal  rate  effected  by  the  scrubber. 

i 

i The  carbon  dioxide  removal  rate  could  also  be  obtained  by 

i 

I the  air  analyses,  but  t>ie  method  was  more  difficult  to  carry  out 
I and  was  considered  to  be  less  accurate  than  the  liquid  analysis. 

I 

I In  addition  the  conditions  of  tiie  tower  are  more  difficult,  if 
not  impossible,  to  detemlno  from  the  air  analyses  alone. 

The  only  difficulty  during  the  test  was  in  the  feed  of  the 
caustic  solution  to  the  scrubber.  Tals  was  due  principally  to 
freezing  of  the  lines.  The  pumps  should  have  a discharge 
head  greater  than  the  suction  head.  Pressure  control  valves  plaoed 
downstream  of  the  pump  were  susceptible  to  failure.  This  all  re- 
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suited  in  the  ppecautlona  to  check  the  feed  streams* 
liiaii  Id  Analyses 

The  compoe! tions  of  the  solntiona  were  determined  by  both 
anproxiraate  and  precise  analyses  for  different  purposes,  as  pre- 
viously described# 

The  precise  analyses  were  made  in  the  analytical  soace  pro- 
vided on  the  work  barf^e.  A seaman  was  specially  trained  to  carry 
out  these  analyses,  and  tlze  toclxnique  was  frequently  checked  by 
the  en(,'lneer  who  duplicated  the  analyses# 

The  classical  metnod  for  a volumetric  analysis  of  a strong 
base  containiiv;  carb  nate  was  followed.  The  normality  of  the 
hydroxyl  ion,  carbonate  ion,  and  their  sum,  the  sodium  ion  nor- 
mality, were  determined# 

Into  a clean  Erlenmeyer  flask  (2^0  ml)  a measured  portion 
of  the  liquid  sample  was  pipetted.  To  this  was  added  a solution 
of  barium  chloride  in  excess  of  the  theoretical  amount  required 
to  react  with  tho  carbonate  ion  and  remove  it  as  a precipitate# 

The  solution  \,as  then  diluted  with  distilled  water  and  two  drops 
of  phenolphthaleln  Indicator  were  added#  ilie  supernatant  liquid 
now  contains  essentially  no  carbonate  Ion#  This  slurry  Is  then 
titrated  with  standard  hydrochloric  acid  (ca,  0#1N)  until  color- 
less# The  nydrc'Xide  ion  has  then  been  neutralized,  but  the  car- 
bonate is  still  intact  as  the  solid  barium  cai’bonate# 

Two  drops  of  methyl  orange  indicator  were  then  added  and  the 
titration  continued  until  tho  solution  color  changed  from  yellow 
to  orange#  During  thl§  second  addition  of  hydrochloric  acid,  the 
barium  oarb^ate  dissolves  and  reacts  with  the  acid  and  carbon 
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dloxldo  Is  liberated*  The  solution  Is  th<ai boiled  to  expel  all 
the  libex-ated  carbon  dioxide  w'lch  has  remained  in  solution* 

Durinr  boiling  the  solution  will  chanre  color  back  to  yellow* 
After  ooolinr,  the  solutioi%  the  titration  is  continued  until  the 
solution  afain  turns  orange.  At  this  point  all  the  carbonate 
Ion  has  been  neutralized,  and  the  resulting  carbon  dioxide  has 
been  released  from  the  solution* 

Ihe  noimalities  of  hydroxide,  carbonate,  and  sodium  ions 
present  in  the  original  sample  can  then  be  determned  from  the 
normality  and  volume  of  hydroc  iloric  acid  used  and  the  volvune 
of  the  original  sajnple.  The  hydroxide  normality  is  detemlned 
from  the  amount  of  acid  x’equlred  to  reach  the  phenolphthaleln 
end  polnt|  the  carbonate  noxmnality  from  the  acid  needed  to  reach 
the  methyl  orange  end  point  from  the  phenolphthaleln  end  pointy 
and  the  sodium  nomnalit.,  from  the  total  quantity  of  acid  used* 
ihe  composltioixs of  the  ixxlet  and  effluent  liquid  streams  were 
, then  used  to  determine  the  amount  of  carbon  dioxide  removed  by 
the  scrubber* 

I The  results  of  these  analyses  were  precise,  and  as  a result, 

i required  considerable  time*  This  delay  was  too  long  to  be  use- 
; ful  in  deterviinlng  the  operating  conditions  of  the  scrubber*  As 
I a consequence,  therefore,  a quick,  abbreviated  analysis  was  made 
when  needed  so  that  any  trends  in  the  operation  of  the  caustic 
j unit  could  be  more  closely  followed*  These  were  carried  out  in 

i 

I the  forward  torpedo  room.  In  those  analyses  the  sodium  ion  oon- 
i centration  was  of  principal  interest*  Approximate  results,  whioh 
were  satisfactory,  could  be  obtained  quite  rapidly  by  titrating  a 
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I sampla  to  the  methyl  orange  end  point  without  the  addition  of 
I barium  chloride*  From  these  titrations  any  major  changes  In  the 
I concentrations  of  the  solutions  entering  or  leaving  the  scrubber 
I could  be  Immediately  detected,  and  the  adjustments  could  be  made 

i 

I as  necessary* 

I 

Pump  Calibration 

The  pump  for  the  feed  solution  was  a piston  type  positive 
displacement  pump*  Its  discharge  rate  could  be  varied  by  the 
, length  of  the  piston  stroke*  The  discharge  volume  could  be  cal- 
culated directly  from  the  piston  displacement  and  a knowledge  of 
the  slippage*  The  discharge  rates  at  various  piston  displacements 
were  determined  by  measuring  the  discharge*  This  was  done  by 
! measuring  It  both  by  volume  and  by  weight* 
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TREATMENT  CF  DATA 

All  the  pertinent  data  are  tabulated  In  Table  7 In  the 
Appendix*  Each  page  represents  the  data  of  one  day's  operation* 

The  information  iresented  Included  the  readings  taken,  the  analyses 
of  the  submarine  air,  the  analyses  of  the  liquid  samples,  the  cal- 
culations of  the  carbon  dioxide  absorbed,  and  the  carbon  dioxide 
absorption  rate* 

The  operating  time  of  the  unit  Is  an  approximate  indication 
of  the  carbon  dioxide  removal  rate  or  the  carbon  dioxide  generation  I 
rate*  The  cumulative  operating  time  for  each  day  Is  thus  plotted 
vs*  the  time  of  the  day*  These  are  Figures  21  through  62  In  the 

j 

Appendix*  An  average  for  all  days  of  the  cumulative  operating  time  ! 
of  the  scrubber  at  each  hour  of  the  day  was  deteinnlned,  tabulated 
In  Table  3,  and  plotted  In  Figure  13*  Similar  averages  were  pre- 
pared for  weekdays  only.  Figure  ll(.J  weekends  only.  Figure  15* 
Saturdays  only.  Figure  l6j  and  Sundays  and  holidays  only.  Figure  | 
17* 

The  breakdown  of  these  data  between  weekd^iys  and  weekends  was 
made  because  the  personnel  were  on  "holiday  routine"  on  Saturdays, 
Sundays,  and  the  one  holiday*  The  results  were  expected  to  be 
sc»aewhat  different  between  weekdays  and  weekends*  These  data  are 
all  listed  In  Table  3* 

The  carbon  dioxide  absorbed  presented  in  Table  7 were  based 
on  the  amount  of  caustic  solution  passing  throxigh  the  scrubber  as 
measured  by  the  li<^id  flow  meter  and  the  eozioentration  of  the 
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Table  3 


CAUSTIC  UNIT  AVERAGE  OPERATING  TIB4E 


Time  of 
Day 


O'clock 


0300 

0100 

0200 

0300 

0400 

0500 

0600 

0700 

0800 

0900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 


Caustic  Unit  Operatlmt  Time 


ill  Days 

(42) 


Week  Days 

(29) 


Week  Ends 
(13) 


Satxirdays 

(6) 


Sundays  and 
Holidays 
(7) 


Minutes 


Minutes 


Minutes 


Minutes 


Minutes 


0.00 

8.27 

14.77 

19.67 

23.26 

27.81 


31.99 

38.26 

45.50 

55.38 

70.14 

85.18 

98.48 

137.73 

154.46 
168.00 
180.05 
193.43 
205.95 
216.03 
226.27 
235.08 
..48 


0.00 

8.34 

14.50 

19.17 

22.08 

27.20 

32.40 

ml 

59.02 

77.06 

96.11 

111.90 
125.76 
141.56 

158.91 

178.68 

194.55 

207.00 

221.61 

234.38 

244.94 

254.96 

264.47 

274.64 


0.00 

8.13 

15.37 

20.78 

25. 8t 
29.  l( 


82.3£ 

90.47 

100.43 

108.78 

119.92 

130.58 

142.54 

153.76 

164.43 

171.80 

179.52 


0.00 

9.20 

17.79 

im 

27.00 

29.75 

32.20 

35.26 

38.36 

42.74 

50.78 

61.03 

69.32 

75.54 

83.93 

109-24 

lai.p 

132.71 

143.88 

154.82 

162.46 

167.76 


0.00 

7.21 

13.30 

31.03 

32.93 

U:ll 

54.87 

65.00 
69.42 

75.00 
79.20 
88.24 
96.08 

107.15 

115.64 

129.07 

138.40 

150.96 

162.22 

172.66 

179.80 

189.60 
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carbonate  Ion  as  obtained  in  the  analysis  of  the  liquid  effluent* 
The  equation  for  obtaining  those  values  is  shown  in  Note  3 on  the 
first  page  of  Table  7. 

A more  rigorous  determination  of  the  amount  of  carbon  dioxide 
absorbed  was  measured  by  the  amount  of  solution  passing  through 
the  scrubber  and  the  amount  of  conversion  of  the  hydroxide  ion  to 
the  carbonate  ion  as  obtained  in  the  exact  analysis  of  the  liquid 
effluent*  The  net  feed  solution  flow  was  determined  from  the  pump, 
the  operating  time,  and  was  adjusted  for  evaporation  losses  and 
leakafre  past  the  pump  when  such  existed*  The  total  operating  time 
for  each  day,  the  total  carbon  dioxide  absorbed  each  day,  and  the 
carbon  dioxide  absorption  rate  for  each  day  are  tabulated  in  Table 
1|*  A plot  of  the  carbon  dioxide  absorbed  each  day  is  plotted  vs* 
the  date  in  Figure  18*  Also,  a plot  of  the  carbon  dioxide  absorp- 
tion rate  vs.  the  date  is  presented  in  Figure  19* 
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OPERATING  TII.IE  AiJD  CO2  ABSORPTION 
DAILY  SUIffilARY 


4 


Date 


January 

28 

29 

30 

31 

February 

1 

2 


I 

7 

8 
9 


Ooeratln/t  Time 

Carbon  Dioxide  Absorbed 

Total 

Rate 

Minutes 

lbs 

Ibs/hr 

^2'^. 19 

65.:^3 

11.90 

312.I1.8 

51.59 

9.90 

21;*^. 28 

20.94 

5.16 

12^.10 

7.90 

3.65 

llfO.05 

9-73 

4.18 

2^5.99 

31.^9 

7.65 

219.13 

32.45 

8.89 

225.81 

31.66 

8.40 

211.13 

27.89 

7.90 

198. :j.2 

25.74 

7.80 

159.55 

17.39 

6.51 

187.59 

26.65 

e.51 

2kl.5S 

27.08 

6.74 

168. *<3 

26.31 

9.40 

181.23 

33.05 

10.91 

290.25 

53.32 

11.02 

229.72 

4l.l6 

10.75 

138.69 

24.77 

10.72 

137.21 

20.24 

8.34 

278.97 

45.^ 

9.82 

830.18 

53.48 

9.72 

311.82 

51.00 

9. 81 

262.07 

41.14 

9.1a 

279.7k 

46.04 

9.88 

207. SQ 

35.13 

10.15 

170.62 

31.10 

10.95 

229.06 

39-56 

10.37 

301.87 

50.16 

9.97 

281.14 

47.80 

16.19 

367.18 

60.62 

9.91 

325.06 

55.4 

16.23 

214.50 

39.36 

10.99 

224.62 

40.65 

10.87 

275.15 

50.75 

11.06 
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Tabls  4 (cent*) 

OPERATING  TIME  AND  CO2  ABSORPTION 


Data  Operating  Tina  Carbon  Dioxide  Absorbed 


Minutes 

Total 

Rate 

lbs 

Ibs/hr 

March 

331^.57 

56.21 

10.07 

i 

320.33 

52.66 

9.8k 

31+0.93 

51+.87 

9.66 

0 

23I+.37 

1+1.23 

10. 5U 

7 

163.07 

27.58 

10.11+ 

8 

238.06 

38.10 

9.60 

9 

31+6.67 

55.21 

9.55 

10 

312.1+3 

lil+.ll 

8.52 

1632. 3 t 

Total  and  rate  (all  days) 

1632.37 

9.77 

Total  and  rate  (weekdays) 

1271+.21 

9.9I+ 

Total  and  rate  (Saturdays. 

Sundays, 

and  Holidays) 

353.16 

9.21 

Total  and  rate  (Sat\u*days  only)  152 *13 

9.07 

Total  and  rate  (Sxmdays  and 

Holidays  only) 

206.03 

9*31 
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Figure  18 

TOTAL  CQe  REMOVAL 

Caustic  Process 
Operation  Hideout 


Figure  19 

CC^  ABSORPTION  RATE 

Caustic  Process 
Opcrcticn  Hideout 
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INTERPRETATIONS  OP  RESULTS 

An  observation  of  Figure  13,  the  cumulative  operating  tine 
of  the  scrubber  vs<  tha  time  of  the  day  shows  a low  operating  time 
and  thus  a low  carbon  dioxide  generation  rate  between  mldnl^t  and 
0800*  About  0600  the  scrubber  operating  time  begins  to  Increase 
until  0900  at  which  time  It  reaches  Its  maximum  operating  time  per 
hour*  This  maximum  operating  time  is  maintained  until  2000  o’clock 
at  idilch  time  the  operating  time  begins  to  decrease*  This  pattern 

' Is  even  more  pronounced  In  Figure  li^.  which  Is  for  weekdays  only* 

The  operating  time  Is  nearly  constant  throughout  a 2l4.-hour 
day  on  weekends  as  shown  In  Figure  15*  When  the  weekends  are 
separated  Into  Saturdays  and  Sundays,  It  Is  foxmd  that  It  Is  princi- 
pally on  Sunday  that  the  rate  Is  necu*ly  constant  throughout  the 
2lf-hour  period*  It  Is  Interesting  to  note  that  the  rate  Is  high 
between  midnight  Friday  and  0200  on  Saturday,  after  which  It  tapers 
off  rapidly  and  Is  maintained  at  a low  rate  until  0900  when  the 
rate  Increases  again* 

The  amount  of  carbon  dioxide  absorbed  each  day  Is  presented 
In  Figure  16*  The  result  of  low  activity  on  weekends  Is,  of 
course,  reflected  here  also*  Sundays  fall  on  Febzniary  1,  8,  15, 

I 

i 22,  March  1 and  8*  Saturdays  and  Sundays  gexierally  show  a lower 

I amo\int  of  carbon  dioxide  removal,  which  reflects  a lower  amount  of 

1 

I carbon  dioxide  generated*  The  test  ended  at  2000  on  March  10,  so 

I the  value  for  that  day  does  not  represent  a full  2i(.-hour  period* 

! 

The  rate  of  carbon  dlcnclde  absorption  is  itiiown  In  Figure  19* 
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; The  lov  values  obtained  through  February  9 can  be  attributed  to 
analysis  difficulties*  The  preparation  and  standardization  of 
an  acid,  and  the  training  of  an  analyst  were  problems  In  this 
period*  Data  obtained  for  later  dates,  the  accuracy  of  which  was 
more  exact.  Indicates  that  these  early  values  are  undoubtedly  low* 
Since  no  means  were  available  for  adjusting  these  values,  no 

I I 

i attempt  was  made  to  do  so*  | 

The  average  carbon  dioxide  removal  rate  for  the  k2  days  was  ' 

I 

9*77  poiinda  per  hour*  This  Is  higher  than  the  7*50  poimds  per 
hour  which  the  unit  was  desl^^d  to  remove  from  air  with  1%  carbon 
dioxide*  A higher  value  than  7*5  vas  expected  and  the  test  veri-  I 
fled  the  exact  value  of  this  rate*  The  rate  over  the  last  27  full  I 
days  was  10*6  poxmds  per  ho\u>*  The  high  absorption  rate  at  a hlgherj 
per  cent  carbon  dioxide  in  the  air  was  indicated  In  a chart  in  a | 
previous  report,'*^'  thotigh  the  value  presented  there  was  conserva-  | 
tlve • I 

A result  of  the  Increased  absorption  was  an  Increase  In  the  : 

I 

conversion  of  the  caustic  to  the  carbonate*  This  was  a result  In-  j 
directly  attributed  to  the  1*5^  carbon  dioxide  content  of  the  air* 

: The  conversion  normally  ranged  between  8$^  and  9^*  while  It  would 
; have  been  80^  If  the  \mlt  had  been  operating  under  the  original 
I design  conditions*  This  result  was  also  expected* 

An  exact  average  of  the  conversion  of  the  caustic  would  be 

, 

, difficult  to  obtain  without  many  more  analyses  of  the  liquid 
I effluent*  However,  a weighted  average  was  obtained  by  weighting 

! 
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the  percent  oonverelona  for  each  day's  liquid  analyses  to  get  a 
dally  weighted  average*  The  weighted  average  percent  conversions 
of  caustic  for  each  day  are  listed  In  Table  5 and  are  plotted  in 
Plgire  20*  The  simple  overall  average  was  obtained  by  averaging 
the  daily  weighted  averages,  and  the  weighted  overall  average  by 
averaging  the  weighted  percent  conversions*  The  averages  are 
respectively  87*i|.  and  90*3^*  The  values  of  the  weighted  dally 
averages  and  the  overall  averages  are  quite  accurate  since  the 

I 

percent  conversion  varied  over  a narrow  range  throughout  the  i 

I 

test*  I 

j 

The  chain  of  Interacting  Influences  reach  a stabilized  point  j 

I 

at  which  the  tower  operates*  The  amount  of  carbon  dioxide  absorbed  ! 

I 

depends  on  the  value  of  K a,  the  mass  transfer  coefficient,  and 

o 

I 

the  driving  potential,  (cy)  In  the  equation 

ci 

N - KgaVP(Ay)j^ 

where  S Is  the  pounds  of  carbon  dioxide  absorbed  per  hour,  V Is 
the  scrubber  volume,  and  P Is  the  total  pressure  of  the  system* 

The  increase  in  the  inlet  carbon  dioxide  concentration  fron 
1^  to  1*5^  would  tend  to  Increase  the  amount  of  carbon  dioxide 
absorbed,  N,  by  50^*  With  no  change  In  the  rate  of  feed  of  the 
caustic  solution,  the  percent  conversion  would  increase*  As  the 
percent  conversion  Increases,  the  value  of  the  K a decreases* 

An  absorption  Increase  slightly  less  than  50^  would  thus  be  expected 
The  K a could  be  maintained  constant  by  Increasing  the  feed  rate 

O 

of  the  caustic  solutlcm  so  that  the  conversion  of  hydroxide  l<ai 
to  carbonate  ion  was  the  80^  design  figure*  The  first  procedure 
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Table  5 


CAUSTIC  UTILIZATION 
DAILY  WEIGHTED  AVERAGE 


Date 

Utilization 

Date 

Utilization 

Percent 

Percent 

Jmaiaiy 

28 

30 

31 

February 

2 


88.8 

February 

18 

88.0 

894 

19 

86.9 

90.2 

20 

88.6 

95.9 

21 

90.9 

22 

9P4 

96.7 

23 

64.6 

91.0 

24 

89.2 

87.2 

25 

90.6 

92.3 

26 

87.2 

87.5 

27 

86.3 

90.4 

28 

86.9 

05.9 

March 

86.0 

1 

05.2 

88.2 

2 

91.9 

3 

90.5 

72.6 

4 

90.1 

7L.7 

5 

87.7 

76.8 

6 

89.5 

75.2 

7 

92.1 

75.7 

8 

93.9 

87.2 

9 

93.2 

88.8 

10 

90.9 

Simple  Overall  Average 
Weighted  Overall  Average 


874 

90.3 
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waa  followed  since  it  was  felt  the  additional  increnne  In  carbon 
dioxide  absorption  would  not  bo  as  important  as  the  Incrmne  in 
utilization  of  the  caxistio* 

The  average  amount  of  carbon  dioxide  removed  per  lay  (33.9 
pounds)  does  not  equal  the  previously  determined  amoua;  o c’irbon 
dioxide  that  23  humans  would  generate in  one  day  (90.7  pounds). 
If  only  the  data  between  the  dates  2/11/53  throu^^h  \7^/53  are  used, 
which  are  considered  more  reliable,  the  average  car  on  dioxide 
removed  per  day  Is  i|.3«9  pounds*  These  values  are  siiown  in  lat'le  6. 

There  are  several  factors  in  this  operation  wh'.f  . ‘ 

accotmt  for  the  deviatloni 

(1)  The  average  activity  of  the  personnel  may  ••  lov.'u-  than 
that  required  to  generate  carbon  dioxide  at  the  average  r ite. 

(2)  There  may  be  exchange  of  air  with  the  outs  le  ilr. 

(3)  There  may  bo  leakage  duo  to  a slight  prossur*  differential 
between  the  submarine  interior  and  the  surroundings. 

Item  one  can  undoubtedly  account  for  part  of  this  deviation. 
During  weekdays  only,  when  the  activity  was  probably  at  more 
nearly  the  average  rate,  the  average  carbon  dioxide  removed  during 
the  whole  test  was  1^3  «9  pounds  per  day*  During  the  27  days  from 
2/11/53  through  3/9/53  the  average  carbon  divide  removed  was  k9*k 
pounds  per  day*  Thsse  values  are  respectively  6*8  and  1.3  pounds 
less  than  the  accepted  rate* 

The  gensratlcm  rate  of  one  person  at  rest  was  given  ns  0*50 
33*8  pounds  per  diy  for  23  swi»  itetlvlty  on  weekends 
ml|^t  better  be  ooiqMired  to  tdils  vtlus*  Ths  sveiwge  enrbm  dioxide 
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removed  per  day  over  weekends  was  27*6  pounds  (average  over  whole 
^ test)  and  32*9  pounds  (average  over  period  2/11/53  through  3/9/53)* 
These  values  are  respectively  6*2  and  0«9  pounds  less  than  the 

i 

I previously  determined  value* 

A source  of  carbon  dioxide  loss  would  be  present  If  the  boat 
I pressure  was  slightly  greater  than  the  outside  pressure  and  there 
was  a leak*  Ihe  carbon  dioxide  loss  would  depend  on  the  rate  of 
this  leak*  Ihls  leak  could  not  continue  very  long  without  equal- 
izing the  pressure  or  requiring  that  more  air  be  supplied  to  the 
Inside  of  the  submarine*  Since  nitrogen  would  also  be  lost  In  a 
leak,  added  oxygen  along  couH  not  compensate  for  the  leak  since 
Its  feed  rate  was  govomed  by  the  pei  cent  of  oxygen  In  the  sub- 
marine air*  Either  nitrogen  or  air  must  also  be  supplied  to  the 
Interior  of  the  submarine.  0!he  carbon  dioxide  loss  would  depend 
on  the  2e  ak  rate,  and  If  the  leak  rate  was  uniform,  the  carbon 
dioxide  loss  would  be  fairly  constant*  The  figures  arrived  at  by 
; various  assumptions  for  the  carbon  dioxide  loss  during  wtstaiays 
i and  during  weekends  are  about  the  same  and  might  be  accounted  for 
! In  this  numner* 

I At  the  conclusion  of  Operation  Hideout,  Dr*  Nichols  made  a leak 

; test  on  the  subiaarlne  that  was  used  and  obtained  a 1|.*68^  leakage 
j in  12  hours*  Assuming  a net  volume  In  the  submarine  of  23,000 
; cu*  ft*,  this  leak  rate  would  Indicate  a loss  of  23*8  cu*  ft*  of 
carbon  dioxide  per  day  or  approximately  2*75  pounds  per  day  of  car- 
bcm  dloxida  If  the  volume  Is  miasured  at  6o*P  and  76o  mm*  Bg* 
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Another  factor  to  be  considered  Is  the  exchange  of  air  between 
the  sutoiarlne  and  Its  surroundings*  This  could  be  due  to  the 
breathing  of  the  submarine  through  small  openings  and  would  be 

i 

I 

. caused  by  changes  in  barcmietrlo  press\s>e  and  by  air  temperatures  j 

i 

both  Inside  and  outside*  It  could  be  due  to  exchange  through  the  | 
air  lock  due  to  traffic  entering  and  leaving*  This  would  depend  | 

on  the  traffic  voltune  and  should  be  higher  on  weekdays  idien  the  | 

medical  teams  and  other  personnel  were  observing  or  inspecting*  | 

I 

These  extra  personnel  would  also  contribute  to  thie  carbon  dioxide 
generation,  however,  and  It  Is  possible  that  these  two  factors 
essentially  cancelled  each  other* 

The  Interchange  of  air  for  each  passage  through  the  hatch  can- 
\ not  be  determined  accurately*  With  some  assumptions  and  estimates,  j 

an  order  of  magnitude  of  the  possible  carbon  dioxide  loss  throu^^  j 

^ I 

this  means  can  be  liadleated*  Let  It  be  assumed  that  the  hatch  has  | 

I 

a volume  of  approximately  $0  cubic  feet  and  that  the  air  In  this 

. 

volume  approaches  within  0*2%  of  the  concentration  of  the  atmos- 
I phere  on  the  other  side  of  the  open  hatch*  That  Is,  when  the  hatch 
! Is  opened  to  the  submarine  Interior  and  a man  enters  or  loaves  the 
! hatchway,  the  air  In  the  hatchway  has  carbon  dioxide*  When 
: the  hatch  Is  opened  to  the  outside  and  a person  enters  or  Is  aves, 

' the  air  has  a carbon  dioxide  content  of  The  net  loss  of 

carbon  dioxide  per  opening  Is 

I 

50  (*013-*002)  cu*  ft*/passage 

j 

or 
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(100)  (•013->*002)  " *1375  lb  molsAOO  paasagas 

■ 6*05  Iba/lOO  passages 

l^ls  Is  based  on  an  average  tempera t\ire  and  pressure  of  60*P  and 
760  OBB*  Hg« 

It  Is  apparent  frca  the  preceding  analysis  that  there  could 
be  a loss  of  carbon  dioxide  to  the  outside*  Ihe  loss  of  air  that 
oust  contain  this  carbon  dioxide  Is 


■ 57I4.  cu*  ft*Ab  of  carbon  dioxide  lost 


I 


If  the  assumptions  are  very  ao curate ^ then  on  a veekend«  about  1$  j 
openings  of  the  hatch  In  a 2l4.-hour  period  would  account  for  the 
carbon  dioxide  loss  during  the  last  27  full  days  of  the  test*  Ihla 
would  mean  an  exchange  of  air  of  about  500  cubic  feet* 

The  oxygen  concentration  was  maintained  at  a value  essentially 
the  same  as  the  ambient  air*  If  this  concentration  had  been  | 


essentially  different*  the  oxygen  consusqitlon  could  be  used  to 
; check  the  carbon  dioxide  deviations* 

The  possible  losses  of  carbon  dioxide  are  Indicated  as  pos- 
! slbllltles  since  It  Is  also  possible  that  there  were  no  appreciable 

I 

j losses  and  the  values  obtained*  properly  adjusted*  should  be  used 

I as  the  basis  of  carbon  dioxide  generation  In  future  pinning* 

i 

The  variation  of  the  carbon  dioxide  absorbed  per  day  cn  be 

j 

; attributed  thus  to  several  factors*  The  variatln  of  the  carbon 

I 

i dioxide  absorption  rate  can  be  attributed  to  variation  In  the 

j 

I liquid  analyses*  Sources  of  errcn*  are  In  the  analyses  thMuelves 

CHCMCAt  ENONiCmNG  LACOSAtOflY.  CHEMCAl.  ENCMEEnMS  0CPM1MENT,  NORTHWESTEHN  UNtVESSttV 


72 


restr’ct:  ) 


and  In  the  sample  procurement*  Precautions  were  taken  to  mini- 
mize both  of  these* 

Another  cause  of  the  variation  would  be  the  gas  analyses* 

If  one  day  the  carbon  dioxide  concentration  was  kept  consistently 
high  (for  example  1*6^)  and  another  day  the  concentration  was 
maintained  consistently  low  (1*4^),  there  would  be  a deviation  of 
the  absorption  rate*  Such  a gas  composition  variation  would  cause 
a variation  in  the  rate  of  about  13^* 

A slight  variation  in  the  value  of  the  carbon  dioxide 
absorbed  per  day  la  due  to  the  clock  which  was  used*  The  clock 
gained  such  that  after  several  days  it  would  be  necessary  to  set 
it  back  a half  hovu**  On  such  days  the  elapsed  time  was  about 
24-1/2  hours  in  one  day*  This  factor  would  tend  to  be  smoothed 
out  and  become  unimportant  In  the  averages* 

An  observation  of  the  chart.  Figure  18,  for  carbon  dioxide 
absorption  indicates  an  upward  trend  in  the  carbon  dioxide  removal 
as  the  test  proceeded*  Even  when  the  early  days  of  the  test  are 
discounted,  a slight  trend  is  in  evidence* 
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CONCLUSIONS  Aim  RECOr.riSNDATIONS 


The  conclusion  drawn  from  thin  test  was  that  the  equipment 
excellently  perfoms  the  task  for  which  it  was  deslcned.  It  re- 
moves carbon  dioxide  at  the  desired  rate  with  adequate  utilization 

I 

of  the  caustic*  The  scrubber  was  designed  to  maintain  a 1^  carbon  | 
dioxide  atmosphei^e*  Since  in  Operation  Hideout  It  was  required  to  | 
maintain  a carbon  dioxide  atnosnhere^  the  removal  rate  and  per  i 

I 

cent  of  caustic  utilization  were  higher  than  the  design  values* 
Theseresults  were  expected* 

Ihe  scrubber  Is  expected  to  remove  or  reduce  the  concentration 
of  all  base  reactive  material  from  air  and  to  absorb  physically  many 
other  materials*  The  caustic  solution  is  saturated  with  air  and 


will  not  absorb  any  oxygen  or  nitrogen*  The  caustic  solution  will  j 

remove  chlorine  and  acrolein,  for  example*  The  odors,  cigarette  i 

I 

sr.oke  and  other  fumes  were  very  low  in  the  opinion  of  veteran  sub-  | 

marine  personnel,  and  this  lack  of  odors  and  smoke  can  be  attrlbu—  | 

ted  to  their  removal  by  the  caustic  scrubber* 

The  research  shlch  la  required  In  the  future  on  this  oaustlo 
system  can  be  divided  under  two  principle  headings,  (1)  the  adapta- 
tion of  the  unit  to  the  submarine  and  the  final  design  of  a unit,  | 

and  (2)  the  improvement  of  the  system*  The  work  to  be  done  la  out-  ! 
lined  below* 

1 Build  a package  \mlt  for  the  actual  conditions  and  require- 

ments for  standard  Installation  on  a submarine*  This  would 
require  close  liaison  with  navy  personnel  familiar  with 
navy  requirements* 

1*1  A knowledge  would  be  required  of  the  space  available,  the 
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aizBf  shape  and  location  of  this  space.  Whether  the 
available  space  is  in  one  or  several  pieces  must  be 
known. 

1.2  Design  and  build  the  equlomont  to  fit  this  space. 

1.2.1  Procure  a recycle  punp  of  the  proper  soxmd  and  pov/er 
characteristics. 

1.2.2  Determine  the  blower  source,  whether  the  available 
blowers  could  be  utilized  for  the  unit  if  desired, 
or  if  a blower  must  be  provided. 


1.2.3  Study  the  method  of  disposal  of  waste.  This  would 
determine  if  waste  was  to  be  discharged  continually 
or  periodically. 


1.2.i{.  Determine  minimum  sea  pressure  dxiring  v/hich  unit  would 
be  operating.  This  would  determine  whether  a feed  pump 
was  necessary. 

1.2.5  Procure  a flow  control  device  for  automatically  control- 
ling feed  rates. 

1.2.6  Determine  if  it  were  desirable  to  have  unit  controlled 
from  a carbon  dioxide  analyzer.  If  required,  procure  an 
instrument  and  adapt  it  to  the  scrubber.  If  scrubber  is 
to  be  turned  cm  manually  when  carbon  dioxide  analysis  in- 
dicates that  It  should,  a single  switch  would  be  sufficl- 
ent. 
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2 Study  methods  to  improve  the  unit. 

2.1  Study  the  physical  dosicn  to  obtain  a more  streamlined 

unit  without  affoctlnp  the  efficiency  of  the  unit. 

2.2  Study  alternate  methods  of  contacting  to  determine  If 
a reduction  in  equipment  voliune,  fluid  flow  rates,  and 
power  requirements  can  be  attained. 

2.2.1  Study  contacting  with  spray  nozzles. 

2.2.2  Study  contacting  with  porous  plates. 

2.2.3  Study  contacting  with  other  means. 

2.3  Study  use  of  alternate  materials  to  detemine  if  reduc- 
tion of  items  in  2.2  can  be  attained.  This  would  in- 
clude studies  on  such  material  as  potassium  hydroxide. 
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